The ocular surface is a frequent target tissue of mucosal chronic GVHD (cGVHD). We investigated the histopathological features of the conjunctival microvilli in patients with cGVHD. Conjunctival tissue specimens from patients with cGVHD or Sjo¨gren's syndrome (SS) or from healthy individuals were examined by light microscopy and EM, impression cytology, and immunohistochemistry. The cGVHD conjunctivae showed significantly more metaplasia and fewer goblet cells than the SS and normal conjunctivae. Abundant CD8 þ T cells infiltrated the basal epithelia in the cGVHD conjunctiva. The microvilli per standard epithelial unit and the secretory vesicles were counted by analyzing electron micrographs. The mean number of mucosal microvilli was significantly lower in the cGVHD than that in the SS or normal specimens, and the microvilli were significantly shorter, with a smaller height-width ratio. The mean number of secretory vesicles was also significantly lower, and the membrane-spanning mucin thinner, in the cGVHD compared with the SS and normal specimens. Thus, the conjunctival mucosal microvilli of cGVHD patients were significantly different in number and morphology from those of SS and normal subjects. These may be important factors affecting the stability of the tear-film layer and its contribution to cGVHD-related dry eye.
Introduction
The mucous membrane is one of the target tissues of chronic GVHD (cGVHD). One common feature of mucosal membranes is the presence of microvilli, which can be found on conjunctival epithelial cells, small intestine enterocytes, and lung bronchial cells. Microvilli are involved in secretion, absorption, and cellular adhesion, and they increase the surface area of cells. In the conjunctiva, microvilli on the apical epithelial cells increase the surface area available for tear adherence. Abnormal microvilli have been reported in Sjo¨gren's syndrome (SS), microvillus inclusion disease, celiac disease, and bronchiolitis obliterans. [1] [2] [3] The destruction of conjunctival microvilli may contribute to the severe dry eye associated with cGVHD.
In cases of cGVHD, the mucosal tissue of the eye is frequently affected. 4 Severe cGVHD-related dry eye can lead to blindness, 5 and even in less severe cases has a significant impact on patients' quality of life, 6 as human beings derive 70-80% of their sensory information from vision. We previously reported that approximately half the patients who undergo hematopoietic SCT (HSCT) develop dry eye within 6 months, and that it rapidly progresses to the severe form after the onset of symptoms, in the majority of these patients. 5 In cGVHD, severe ocular surface changes are likely to result from mechanical stress caused by fibrotic changes in the ocular surface mucosal membrane. 7 For example, corneal erosion can lead to corneal perforation. 8 The dry eye caused by cGVHD is associated with inflammation, immune cell infiltration, and fibrosis of the lacrimal gland and mucosal epithelia. [9] [10] [11] [12] Besides these factors, abnormalities of both the conjunctiva and lacrimal gland contribute to dry eye progression. Furthermore, abnormalities of the microvilli, and the mucins secreted by goblet cells and secretory vesicles of mucosal epithelia including ocular surface may combine to cause or worsen cGVHD-related dry eye. However, few studies have examined the involvement of these features in cGVHD.
The secreted mucins fall into three categories: gelforming mucins, soluble mucins, and membrane-spanning mucins. [13] [14] [15] Gel-forming mucins are secreted by goblet cells and are the main components of all mucous layers, including that of the ocular surface. 13 Membrane-spanning mucins, delivered by secretory vesicles, represent the major components of the ocular surface glycocalyx (OSG), a mucin containing structure. 16 The mucins in secretory vesicles are produced by the endoplasmic reticulum (ER) and modified by the Golgi complex before they reach the subsurface site, as is typical of exocrine secretion. 17 The purpose of this study was to analyze the histopathology of the mucosal microvilli, including their ultrastructural features, their associated secretory vesicles, and the membrane-spanning mucins in cGVHD-related dry eye. To our knowledge, this is the first comprehensive investigation of these features in ocular cGVHD patients compared with SS patients and normal subjects.
Materials and methods

Subjects
We examined conjunctival tissue specimens from six patients with cGVHD who had undergone HSCT and later developed dry eye (cases 1-6). The demographic and clinical characteristics of the patients with cGVHD are summarized in Table 1 and clinical characteristics of dry eye in cGVHD are shown in Table 2 . All the cGVHD patients had severe dry eye (score 3, organ scoring of the eye in cGVHD), based on new guidelines for the global assessment of cGVHD severity. 18 We selected these patients for diagnostic purposes of ocular GVHD, because there were findings of severe ocular surface conditions, suggesting that the patients may develop rapidly progressive and more severe dry eye. After evaluating clinical findings, we performed lacrimal gland biopsy to determine whether we should use topical steroids or immunosuppressant or neither. Conjunctival tissue specimens from the five patients with SS (cases 7-11) were used as controls. The normal conjunctival tissue specimens were from individuals who had undergone cataract surgery. Persons with a past history of other eye diseases, including external eye disease, retinal disease, or glaucoma were excluded from the study. Those using contact lenses were also excluded. This study was approved by the Institutional Ethical Committee Review Board at Keio University, and followed the tenets of the Declaration of Helsinki for research involving human subjects.
We diagnosed cGVHD in patients whose disease fulfilled the revised consensus criteria. 18 We diagnosed SS using the criteria proposed by Fox et al. 19 We followed the recommendation of the 2007 International Dry Eye Workshop Report in diagnosing and categorizing general dry eye disease, based on its severity. 20 In addition, severe dry eye was defined as reduced reflex tearing (Schirmer test with nasal stimulation p10 mm, 21 Rose Bengal score X3, and fluorescein score X3); the scores were according to van Bijsterveld's scoring system, and all the subjects with SS or cGVHD manifesting as severe dry eye had a severity grade of 3 or 4.
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Conjunctival tissue biopsy
The conjunctival tissue specimens from cGVHD and SS patients were obtained as the initial step of incision for a lacrimal gland biopsy when it was conducted for diagnostic purposes and for the decision of the next therapeutic option for ocular cGVHD. 5, 9 Conjunctival tissue specimens from the normal group were obtained during cataract surgery by the method of scleral tunnel incision. 
Immunohistochemistry
Immunohistochemical analysis was performed according to a standard protocol 24 using mouse monoclonal antibodies to CD4 (RPA-T4; Biolegend, San Diego, CA, USA), CD8 (C8/144B, Nichirei Biosciences, Tokyo, Japan) as a T-cell marker, E-cadherin (67A4; Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA) as an epithelial cell marker, and MUC1 (214D4; Upstate Cell Signaling Solutions, New York, NY, USA), MUC4 (1G8; Invitrogen Corporation, Paisley, UK), and MUC16 (M11, Dako, Carpinteria, CA, USA) as membrane-spanning mucin markers. The bound antibodies were visualized by adding diaminobenzidine tetrahydroxychloride. In addition, the localization of CD8 and E-cadherin on conjunctival epithelia was examined by double staining with a fluorescein isothiocyanate-conjugated mouse anti-CD8 Ab (eBioscience, San Diego, CA, USA) and a mouse anti-E-cadherin Ab in combination with an Alexa 568-conjugated goat anti-mouse secondary Ab (Molecular Probes, Eugene, OR, USA). Cryosections from conjunctival specimens were immunostained with a mouse anti-MUC1 antibody, followed by an Alexa 488-labeled goat anti-mouse secondary antibody (Molecular Probes). Isotype-matched fluorescein-conjugated mouse antibodies were used as controls. These sections were mounted and examined with an LSM5 PASCAL 510 or 700 confocal microscope (Carl-Zeiss, Go¨ttingen, Germany).
Conjunctival impression cytology sample collection
The impression cytology specimens were obtained, after the eye was anesthetized with 0.4% oxybuprocaine, by gently pressing a strip of cellulose acetate filter paper (Millipore HAWP 304, Bedford, MA, USA) and processed as described previously. 25, 26 To perform light microscopy, the specimens were stained with periodic acid-Schiff (PAS), dehydrated in ascending grades of ethanol and then with xylol, and finally coverslipped.
Five non-overlapping areas of Â 40 magnification were randomly selected and photographed. The goblet cell density (GCD) was reported as cells per square millimeter. The conjunctival epithelial squamous metaplasia was evaluated according to Nelson's grading scheme. 25, 26 The quantitative analysis of normal control specimen was comparable with our previous report. 27 Transmission electron microscopy A piece of specimen was immediately fixed with 2.5% glutaraldehyde and subjected to electron microscope examination as described previously. 28 Conjunctival tissue blocks that were confirmed to exhibit the proper portion of conjunctival tissue by methylene blue staining were then thin sectioned and examined by transmission electron microscopy (TEM) (model 1200 EXIT; JEOL, Tokyo, Japan). The initial collection of micrographs was started at the left edge of a section and included the next 15-20 overlapping images moving across the field.
Data analysis
To obtain unbiased data on microvillus height and width and on the number of microvilli in conjunctival epithelia, the origin of each biopsy specimen was masked when the electron micrographs of samples from cGVHD and SS patients and control subjects were taken, and they were analyzed as reported previously. 29 The measurements were performed manually as follows: for each specimen, 15-20 images at magnifications of Â 5000 and Â 20 000 were acquired on high-quality negative film, which was processed according to the manufacturer's recommendations, printed, and examined for quantification. The scoring was carried out by two independent examiners (YT and YO) who were blinded to the origin of the specimens.
The measurements were made in millimeters. The measured values were converted into micrometers by a simple arithmetic calculation, based on the magnification used. We counted the number of microvilli and secretory vesicles present in apical epithelial cells along a 10.0 mm stretch of the epithelium. 29 Data are expressed as the mean±s.d. Results were analyzed by one-way analysis of variance, as appropriate, followed by Fisher's post hoc test. A P-value of less than 0.05 was considered statistically significant.
Results
All the cGVHD patients had severe dry eye. The mean age (mean ± s.d.), the number, and the genders of the subjects in each group were as follows: for cGVHD, 49.7±3.4 years, six subjects (2 female, 4 males); for SS, 59.8±4.4 years, five subjects (all female); and for the normal group, 73.6 ± 2.6 years, five subjects (2 females, 3 males).
CD8
þ T cells accumulate in the conjunctival basal epithelia in cGVHD Hematoxylin and eosin staining of the samples from cGVHD patients showed thinning of the epithelia with mild lymphocyte infiltration into the conjunctiva (Figure 1a ). The conjunctiva in SS patients predominantly showed lymphocyte infiltration into the conjunctival stroma ( Figure 1b ). Little lymphocyte infiltration was observed in normal conjunctiva (Figure 1c ). In cGVHD, CD8
þ T cells infiltrated the basal cell layer of the epithelia (Figures 1d, g, and h ), probably through the disrupted conjunctival basal lamina (Figure 1i) . A disrupted basal lamina was not observed in SS (Figures 1e and j) or normal (Figures 1f and k) conjunctiva. Rather, a low number of CD8 þ T cells infiltrated all the epithelial layers of the SS specimens, with particularly few in the basal epithelial cell layer (Figure 1e ). CD8 þ T-cell infiltration was scarcely observed in the normal conjunctival epithelia or stroma (Figure 1f ). In contrast, CD4 þ T cells were mainly observed in the subepithelial stroma in the cGVHD and SS samples, but were not observed in the normal conjunctiva (data not shown).
To examine GCD and squamous cell metaplasia, conjunctival impression cytology was performed. Conjunctival impression cytology was used to diagnose squamous metaplasia of the conjunctiva associated with dry eye. This technique yields a score for the quality of the ocular surface based on the degree of squamous metaplasia and usually parallels the severity of the clinical disease. Squamous metaplasia at a Nelson's grade of 2 was seen among the conjunctival epithelial cells in the cGVHD samples (Figure 1l ). The PAS þ GCD was low, at 248.8±24.0 cells per mm 2 (Figure 1l ). In contrast, the impression cytology of the SS specimens showed that it contained more abundant epithelial cells than that in the cGVHD samples, and had a Nelson's grade 1 for metaplasia. A PAS þ GCD was 874.2 ± 31.8 cells per mm 2 ( Figure 1m ). Impression cytology of the normal control samples showed abundant mucins and little metaplasia. The average PAS þ GCD in the normal controls was 1313 ± 734 cells per mm 2 . (Figure 1n) .
These results showed that the degree of squamous metaplasia was higher and the GCD lower in the cGVHD conjunctiva than that in the SS or normal conjunctiva, indicating that the cGVHD conjunctival epithelia are more severely damaged than SS epithelia and differ significantly from normal epithelia.
Severe alterations in the ultrastructural morphology of the conjunctival microvilli in cGVHD Next, we used TEM to analyze the ultrastructural morphology of the microvilli in the conjunctival specimens. The results of the TEM observations are summarized in Table 3 . In the cGVHD group, the average number of microvilli per 10 mm epithelial length was significantly lower (mean ± s.d., 10.5 ± 2.58) than that in the SS (mean ± s.d., 27.73 ± 0.91) or normal control (mean ± s.d., 62.6 ± 3.13) specimens (Table 3) .
Furthermore, the microvillus height (0.19±0.02 mm), width (0.17 ± 0.01 mm), and height-to-width ratio (1.36 ± 0.24) in the cGVHD group (Figure 2a and Table 3 ) differed significantly from those measured in the SS (0.41 ± 0.042, 0.12 ± 0.004, and 4.14 ± 0.42 mm, respectively) ( Figure 2b and Table 3 ) and control (0.34 ± 0.03, 0.11±0.005, and 3.09±0.19 mm, respectively) specimens (Figure 2c and Table 3 ). In addition, branched microvilli and abnormal microplicae occurred frequently in the cGVHD (Figure 2d ) and SS specimens (Figure 2e ), but rarely in the normal ones (Figure 2f ). Abnormal distribution of secretory vesicles and membrane-spanning mucins occurred in cGVHD.
Secretory vesicles containing membrane-spanning mucins are located just below the conjunctival epithelial cell surface. 17 Like other secretory vesicles, these vesicles and their contents are produced by the ER and modified by the Golgi complex before they are transported to the release site at the cell surface, where the membrane-spanning mucins form the OSG. 30 At the apex of the cell, near the base of the microvilli on the conjunctival epithelial cells, the membrane-spanning mucins, including MUC1, MUC4, and MUC16, 16, 31, 32 form the OSG at the epithelial celltear-film interface.
To examine the secretory vesicles in detail, we further examined the apex of the cell near the base of the microvilli using TEM. The mean number of secretory vesicles was significantly lower in the cGVHD and SS samples than that in the normal specimens (Figures 2a-c, Table 3 ), although, in some areas, accumulations of secretory vesicles were seen beneath microvilli in the cGVHD (Figure 2d ) and SS (Figure 2e ) samples, especially beneath abnormally branched microvilli (Figures 2d and e) . In contrast, secretory vesicles were distributed diffusely and uniformly beneath the microvilli in the samples from the normal control group (Figure 2f) .
To examine the membrane-spanning mucins, we stained specimen sections with antibodies for MUC1, MUC4, and MUC16. Although MUC1 was observed in the cGVHD samples, the labeling showed an extremely thin layer in the GVHD (Figure 3a) , and was missing entirely in some areas (Figure 3b ) compared with the SS (Figure 3c ) and normal (Figure 3d ) conjunctiva. Similar to the MUC1 findings, the MUC4 þ and MUC16 þ membrane-spanning mucin layer was extremely thin or absent in the cGVHD epithelia (Figures 3e and h ). In contrast, the MUC4 þ and MUC16 þ layer was thicker in the SS (Figures 3f and i) and normal conjunctiva ( Figures  3g and j) , in which the thick and diffuse MUC1 þ , MUC4 þ , and MUC16
þ OSG layer was uniformly present (Figures  3d, g, and j ).
Discussion
In this study, we found more severe changes in the conjunctival epithelial samples from cGVHD patients than in samples from SS or normal control subjects, as shown by the results of impression cytology, immunohistochemistry, and TEM. In cGVHD, the severity of the ocular surface changes was probably owing to two major factors: (1) mechanical stress caused by fibrotic changes of the conjunctiva, 7 and (2) damage to the basal cells caused by the infiltrated CD8 þ T cells (basal cells regenerate the damaged epithelia). We hope that, as the histopathology of cGVHD-associated and other dry eye conditions is elucidated, dry eye treatments can be designed specifically for the underlying disease.
Mucins help maintain the wetness of the ocular surface, 14, 33 and both mucin over-and underproduction cause ocular surface disorders. 34 Here we examined the condition of mucins that are closely associated with microvilli, including the OSG. We previously reported that MUC5AC, a gel-forming mucin produced by goblet cells, was decreased at both the protein and mRNA levels in the conjunctival epithelium of patients with cGVHD compared with normal subjects. 12, 27 In addition, reduced levels of MAC 5AC in SS, non-SS dry eye disease, and allergic conjunctivitis have been reported. 35, 36 Here, we showed, using conjunctival impression cytology, that the grade for squamous metaplasia was higher and the GCD lower, in cGVHD specimens compared with SS. These findings suggest that the paucity of goblet cells caused a decreased level of gel-forming mucin, which could explain in part why the degree of dry eye in the cGVHD specimens was more severe than in SS.
We also found that the number of microvilli in the cGVHD and SS samples was significantly lower than that Table 3 Comparison of microvilli and secretory vesicles in apical conjunctival epithelia among cGVHD, SS, and normal samples in the normal samples, and the height and width of the microvilli were significantly lower in the cGVHD samples than that in the samples from SS patients and normal subjects. It is possible that the abnormalities in the microvilli are caused by fibrotic changes in the conjunctiva and/or associated infections. 7, 37 A previous report also showed fewer microvilli in SS patients compared with control subjects, although their data give the average number of microvilli per 8.3 mm. 29 For a direct comparison, we converted their data to show the average microvillus number per 10.0 mm, and found that our data on the number and height of conjunctival microvilli in the SS samples were similar to theirs. However, we measured a smaller width of microvilli in our SS samples, so our height-width ratio is larger.
At the TEM level, we found that structural features of the microvilli, such as being shortened, broadened, and branched, were frequent in the samples from cGVHD patients, but rare in those from SS and normal subjects. Such structural complexities may result from the abnormal regeneration of conjunctival microvilli and/or an imbalance between their elimination and regeneration. In samples from patients with cGVHD or SS, the mean number of secretory vesicles below the surface of the microvilli was smaller than that in the normal samples (Table 3) , and areas where secretory vesicles had accumulated abnormally were observed, especially at sites of abnormally branched microvilli, which might be owing to a dysfunction of secretory granule exocytosis. As the fusion of the vesicles with the cytoplasmic membrane is required for the mucins to be exposed on the surface of the epithelial cell, where they form OSG, vesicle fusion might be specifically impaired at the site of abnormally branched microvilli. Further study will be necessary to confirm this phenomenon and elucidate its cause.
In the cGVHD samples, some areas lacked secretory vesicles entirely. This might result from abnormal regeneration of the damaged epithelia, which prevented the cells from forming secretory vesicles. The secretory vesicles and their contents are produced by the ER and modified by the Golgi complex before they reach the epithelial subsurface. 29 Intact actin filaments in the cytoplasm, observed just below the exposed surface of the epithelial cells, may be required for the transport of these secretory vesicles to the exocytotic sites, and to assist in their fusion with the cell membrane. 29 Once the vesicles fuse to the cytoplasmic membrane, the inner wall of the vesicle membrane and the mucins attached to it are exposed on the surface of the epithelial cell and form the glycocalyx 17 Our TEM observations were consistent with this scenario, because the fine mesh-like contents of secretory vesicles and OSGs were both present beneath or on the tip of normal microvilli (Figure 2f,  arrows) , and their structures were identical to the results in previous reports. 29, 32 Another possibility is that microvilli of the ocular cGHVD mucosal membrane might be compromised by epithelialmesenchymal transition taking place in the cGVHD conjunctival epithelia. 38 We previously showed that the cGVHD ocular epithelia undergo epithelial-mesenchymal transition. It is generally accepted that cytoskeletal, that is, actin filament, rearrangement is necessary to trigger epithelialmesenchymal transition, but an intact cytoskeleton is required to guide secretary vesicles to the ocular surface and to generate intact microvilli. As cGVHD may transform the ocular epithelia to a mesenchymal phenotype, the cGVHD conjunctival microvilli may be abnormal and unable to secrete membrane-spanning mucin. In ocular cGVHD, the production of the OSG, including MUC1, MUC4, and MUC16, was considerably reduced (Figures 3a, b, e, and h) .
Although the gender distribution differed in the SS (five women) and cGVHD (one woman, five men) groups, a previous report on microvilli in SS stated that the height, width, height-to-width ratio, and number of secretory vesicles were independent of gender distribution. 29 Therefore, we consider it unlikely that the gender difference between groups skewed our results, although we cannot rule it out. The age variation between the cGVHD and the other groups might impact our interpretation. In addition, relevant controls would be patients after allogeneic transplantation without cGVHD. However, we could not analyze the non-GVHD samples for ethical reasons. Moreover, there is a possibility that the differences noted between SS and cGVHD could be explained in part by the fact that the biopsies were taken during different stages of evaluation of the disease. Further study is needed to clarify this issue.
Taking our findings together, we propose the following hypothesis for the pathogenesis of the mucosal microvilli in cGVHD (Figure 4 ). Abnormal regeneration of the conjunctival epithelia caused by severe damage of the basal cells by infiltrating T cells might cause the epithelial-mesenchymal transition, and once the epithelia take on the mesenchymal phenotype, their exocrine function is impaired. The abnormal microvilli generated by the damaged epithelium support the formation of only a thin OSG, if any. This lack of OSG permits recurrent infections and damage to the ocular surface. Given this chain of events, the suppression of the T cells that target the basal cells might be a beneficial treatment for the mucosal effects of cGVHD.
In summary, we have shown that the ocular surface was severely altered in cGVHD-related dry eye, and that at least some of these alterations were specific to cGVHD compared with SS and normal conjunctiva. Further elucidation of the alterations in the mucosal membrane in cGVHD at the cellular and molecular levels may clarify the pathogenesis of cGVHD-related dry eye as well as of other mucosal tissues affected by cGVHD, such as the lung. Further studies investigating the functional roles of the mucosal microvilli, goblet cells, and the OSG in cGVHD patients should help resolve the remaining questions about the pathogenesis of ocular cGVHD, and provide useful information for the development of focused therapeutic interventions to relieve recipients' long-term ocular discomfort following HSCT.
